The effect of the surfactant Triton X-100, a-[4-(1, 1, 3, 3-tetramethylbutyl) phenyl] -w-hydroxypolyoxy-1, 2-ethanediyl, on solubilization of epicuticular wax of mature tomato (Lycopersicon esculentum Mill.) fruit was investigated. The surfactant solubilized the unsaturated hydrocarbons, hexacosene and tritriacontadiene, and the triterpenols, a-and Q-amyrins; solubilization was concentration dependent above the critical micelle concentration. Only traces or nondetectable quantities of saturated hydrocarbons were solubilized. Our data provide a definitive evidence that the surfactant solubilized selective constituents of epicuticular wax. Based on calculation of the logarithm of octanol/water partition coefficients for wax constituents, it appears that the mechanism of surfactant solubilization of the constituents was not solely related to the hydrophobicity of the constituents, but may involve pi-pi interaction, van der Waals interaction or molecular conformation of the solubilized constituents. This solubilization of epicuticular wax may decrease the diffusive resistance of the cuticular membrane and, hence, facilitate penetration of surfactant-formulated foliar applied agrochemicals.
INTRODUCTION
All aerial plant organs are covered with a nonliving, lipoidal cuticular membrane that serves as the interface between the plant and its environment. 1) The cuticular membrane, and the epicuticular wax in particular, are the prime barrier to water loss from the plant and entry of foliar applied compounds. 2) The surface chemistry and fine-structure of the epicuticular wax are principle factors determining plant wettability, 3) and thus spray retention of the active ingredient dose available for penetration. 4) Surfactants are often used in formulations of agrochemicals to increase solubilization of organic pesticides in aqueous spray solutions and to enhance wetting, retention and penetration of the active ingredient through the cuticular barrier. 5, 6) The interaction of the spray solution and/or active ingredient with the plant surface is complex. 6> Nevertheless, there is evidence that surfactants incorporated in foliar sprays may dramatically alter epicuticular wax fine structure. 7-11) They may penetrate into the cuticular membrane and modify its permeability characteristics. l2-14) Deformation of the epicuticular wax fine structure may involve solubilization10) while increased cuticular permeability may be related to surfactants plasticizing the wax in the cuticular membrane. 13, 15, 16) We have shown that a nonionic surfactant, Triton X-100, commonly used in agrochemical formulations and as a spray additive, can solubilize epicuticular wax isolated from tomato fruit and broccoli leaves. 17) We now find that this solubilization process is selective and report on the identity of the epicuticular wax constituents solubilized by Triton X-100.
MATERIALS AND METHODS

Epicuticular Wax Extraction
Tomato fruit (Lycopersicon esculentum Mill. ) were field-grown pesticide free in an isolated area of our research facility. Epicuticular wax (ECW) was extracted by dipping (five times of about 2 sec each) the apical To whom correspondence should be addressed. two thirds of mature fruit, free of blemishes, into redistilled chloroform at room temperature. The wax extract was filtered, dried over anhydrous sodium sulfate, concentrated in vacuo and used as the source of ECW for solubilization studies.
Chemicals
The surfactant Triton X-100, a-[4-(1, 1, 3, 3tetramethylbutyl) phenyl] -w-hydroxypolyoxy-l, 2ethanediyl, abbreviated TX-100 (Rohm and Haas, Co., Philadelphia, PA, USA), is a mixture of oligomers, with a mean polyoxyethylene (POE) chain length of 9. 5 units. All saturated hydrocarbons, hexacosane, nonacosane, triacontane, hentriacontane, dotriacontane, tritriacontane, and hexatriacontane (98 + %CP), were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Both a-and / -amyrins were gifts from Dr. K. Sakurai (Shionogi Co. Ltd., Osaka, Japan). All chemicals were used as received.
Sample Preparation
About 6 mg of tomato fruit ECW were reconstituted as a film on the bottom of glass scintillation vials (20 ml) by transferring 1. 5 ml of the chloroform extract and evaporating to dryness overnight at 50C. The deposited wax was dried further in vacuo at room temperature for 6 hr. All vials and Teflon-lined caps were rinsed three times with redistilled chloroform before use. Ten ml of the designated surfactant at appropriate concentration (w/v) made up in deionized, distilled water were added to each vial. The vials were capped and wax extracted by shaking slowly horizontally in a water bath at 25C for 8 days with 0, 0. 01, 0. 03, 0. 1, 0. 3 and 1. 0% w/v TX-100. The supernatant was decanted from each sample and filtered through disposable syringe filters (pore size, 0. 1 pm, Alltec Associates, Inc., Deerfield, IL. USA). This filtrate was freeze-dried for 72 hr and then flushed with nitrogen and stored at 4C. Blank vials without wax were subjected to the same procedure and served as controls. This concentration range provided extraction solution having either only the monomeric form of TX-l00 present (0. 01%), the cmc being 0. 019% w/v, or the monomeric plus micellar forms (0. 03 to 1%) present.
Analysis of Solubilized Epicuticular Wax Constituents
The solubilized ECW constituents were subjected to gas chromatography-mass spectrometry analysis using a HP-5989A GC-MS system (Hewlett-Packard). The gas chromatograph was operated splitless using a fused silica capillary column [30 m X 0. 546 mm (id. ), 1. 5 pm thickness, DB-l, Megabore (J&W)], and programmed as follows: injector temperature, 300C; helium carrier flow rate, 3 ml/min; temperature program, 1) 100C, 2 min; 2) 100C up to 290C at 35C/min; 3) 290C up to 300C at 2C/min; 4) 300C, 15 min. Mass spectrometry was performed at 70 eV ionization energy, source temperature of 200C and filament emission current of 300 pA.
For quantitative determination of the solubilized ECW components, tetracosane was employed as an internal standard for hexacosene, nonacosane, triacontane, hentriacontane and dotriacontane. Hexatriacdntane was used as the internal standard for tritriacontadiene, tritriacontane and a-and Q-amyrins, respectively. No interfering endogenous tetracosane or hexatriacontane were apparent during the experiments. The lyophilized wax samples were dissolved in 1 ml of chloroform containing the internal standard and 1p1 of the sample was injected by means of an automatic sampler (HP7636, Hewlett-Packard). n-Alkanes and triterpenols were identified by comparison of retention time and mass spectra with appropriate standards (Fig. 2) . Quantification of the individual constituents in the chloroform extract was made by comparing the peak area of constituents with that of the appropriate internal standard. Amounts of constituents in the surfactant extracts were quantified as relative proportions of their amounts in the chloroform extract. All determinations were performed using two replications.
S. Calculation of Octanol / water Paritition Coefficients Octanol/water partition coefficients (P) were calculated using the Pomona College MedChem program and log transformed (log P).
RESULTS
Chloroform Extract
The total ion chromatogram of the chloroform extract of the epicuticular wax of mature tomato fruit showing the principal chloroform soluble constituents is presented in Fig. 1A . Five n-homologues of saturated hydrocarbons along with a-and Q-amyrin were found in the chloroform extract (Fig. 1A) . The retention times/ molecular ions (m/z) corresponded to authentic reference samples of nonacosane (10. 96/408), triacontane (11. 74/422), hentriacontane (12. 65/436), dotriacontane (13. 69/450) and tritriacontane (14. 96/464, no reference sample used) and (9-and a-amyrin (15. 99/426, 16. 71/ 426). In addition, two unsaturated hydrocarbons were present with retention times of 9. 29 and 14. 64 min and, based on mass spectra, were assigned as hexacosene (C26H52) and tritriacontadiene (C33H64) respectively (Fig. 1A ).
Triton X-100 Extract
Surfactant solubilization of tomato fruit epicuticular wax is evident from the total ion current chromatograph in Fig. 1B . The reconstituted ECW contained 1053, 217, 2897, 792 and 816 p g/ml of nonacosane, triacontane, hentriacontane, a-and a-amyrin, respectively. TX-100 solubilized only trace amounts (< 1%) of the saturated hydrocarbons, nonacosane, triacontane and hentriacontane, the relative ratios being 0. 54, 0. 87 and 0. 18 respectively ( Table 1 ). The longer chain saturated hydrocarbons, dotriacontane and tritriacontane, were not detected in the TX-100 extract ( Table 1) .
In contrast, two unsaturated hydrocarbons, hexacosene and tritriacontadiene, were solubilized by TX-100 at concentration above the cmc, solubilization increasing with an increase in TX-100 concentration ( Table 2) . Of all constituents identified, the two triterpenols, a-and a-amyrin, were solubilized to the greatest extent ( Table  2 ). Maximum solubilization occurred at 0. 3% TX-100, equivalent to 8% and 12% relative to the chloroform extract.
Lesser quantities were solubilized at concentrations less or greater than the cmc (Table 2 ).
DISCUSSION
In this paper we present evidence that TX-100 at concentrations above the cmc solubilized specific constituents of reconstituted epicuticular wax of mature tomato fruit. The triterpenols, a-and 3-amyrin, were solubilized to the greatest extent (8 and 12%, respectively) followed by the unsaturated hydrocarbons, hexacosene and tritriacontadiene ( Table 2 ). In general, solubilization was linearly related to the logarithm of the surfactant micelle concentration ( Table  3) . Except for amyrins, where trace quantities were solubilized at 0. 01%, there was no evidence of solubilization at concentrations below the cmc suggesting that micelles were essential for solubilization to take place. This observation is consistent with other reports of micelle solubilization of organic compounds. [18] [19] [20] Only trace amounts ( < 1%) of the saturated hydrocarbons (C29-31) present were solubilized with 0. 3 and 1. 0% TX-100, and the C32 and C33 saturated hydrocarbons were apparently not solubilized, since they were not detected in the TX-100 extract ( Table 1 , Fig. 1B ). The basis for how TX-100 did solubilize specific constituents of the epicuticular wax constituents is not clear. This discriminating solubilization can not be explained solely on the basis of their hydrophobicity since the calculated log P value for hentriacontane (solubilized < 0. 2%), being 17. 1, was identical to tritriacontadiene (17. 1), which was readily solubilized (-7. 8%) by 1. 0% TX-100 (Table 1 vs. Table 2 ). Further, TX-l00 solubilization of the saturated hydrocarbons decreased with an increase in carbon number ( Table 1) while solubilization of the unsaturated hydrocarbon, tritriacontadiene, was greater than that of the shorter chain hexacosene (Table  2) . Thus, the basis of observed solubilization may also be related to van der Waals forces, pi-pi interaction or molecular conformation and, equally important, the microenvironment of the surfactant micelle rather than differences in polarity.
The potential for surfactant solubilization of ECW may have significant implications in the performance of foliar applied systemic agrochemicals in crop production. Firstly, surfactants of a wide range of chemistries are routinely used in agrochemical formulations and as spray additives. 5 Secondly, the concentrations used in agricultural sprays vary from 0. 06 to 0. 5% for pesticide applications to crop and fiber plants, and at much higher concentrations (0. 25 to 1. 0%) for postemergence applications of herbicides in weed control. Thus, the concentration of surfactants in the applied spray solution exceeds the cmc for most surfactants and, as the aqueous phase of spray droplets evaporates, the concentration increases until a neat residue of surfactant becomes deposited in intimate contact with the ECW on the plant surface. 6 With time some of the surfactant penetrates into the cuticle and the remainder may reside on the surface for an extended period of time. Foliar applied surfactants have been shown to deform ECW fine-structure7-11> and reduce the diffusion barrier to penetration of several growth regulators. 13"4, 21> In addition, indirect evidence suggests that surfactant enhancement of penetration is related to a direct surfactant/wax interaction. 21, 22> Based on recent data, 17 surfactants may solubilize constituents of ECW further decreasing the 
